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Abstract: Infrared (IR) spectroscopy is a powerful technique to characterize the chemical structure
and dynamics of various types of samples. However, the signal-to-noise-ratio drops rapidly when
the sample thickness gets much smaller than penetration depth, which is proportional to wavelength.
This poses serious problems in analysis of thin films. In this work, an approach is demonstrated to
overcome these problems. It is shown that a standard IR spectroscopy can be successfully employed
to study the structure and composition of films as thin as 20 nm, when the layers were grown on
porous substrates with a well-developed surface area. In contrast to IR spectra of the films deposited
on flat Si substrates, the IR spectra of the same films but deposited on porous ceramic support show
distinct bands that enabled reliable chemical analysis. The analysis of Zn-S ultrathin films synthesized
by atomic layer deposition (ALD) from diethylzinc (DEZ) and 1,5-pentanedithiol (PDT) as precursors
of Zn and S, respectively, served as proof of concept. However, the approach presented in this study
can be applied to analysis of any ultrathin film deposited on target substrate and simultaneously on
porous support, where the latter sample would be a reference sample dedicated for IR analysis of
this film.
Keywords: ultrathin films; infrared spectroscopy; detection limit; ZnS; atomic layer deposition (ALD);
molecular layer deposition (MLD)
1. Introduction
Thin-film materials are becoming increasingly important in many technological fields, such as
electronics, optics and biotechnology [1–3]. The broad application of thin films has become possible
thanks to the constant development of deposition techniques which have enabled the fabrication of
thin films with controllable thickness, composition and structure. One of the most advanced methods
to fabricate thin films is atomic layer deposition (ALD), which is distinguished from other techniques
by its high conformability. Thanks to the self-limiting reaction at the surface between gaseous precursor
molecules and chemical groups at a substrate [4,5], uniform layers can be grown on a high aspect
ratio and three dimensionally structured materials. The ALD technique allows the film thickness
and architecture to be controlled down to the molecular level. Nowadays, ultrathin films play a
major role in devices such as microelectronic components, solar cells, LED displays, and sensors [6–9].
ALD-like surface-limiting reactions are also applied for organic compounds, enabling the molecular
layer deposition (MLD) of polymers and hybrid inorganic thin films [10]. In ultrathin films (thickness
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ranging from ca. 1 to 100 nm) the physical and chemical properties of the surface and interfaces are
strongly enhanced compared to the bulk materials. In these systems, the phenomena such as quantum
size effect and/or tunnelling effect for electron transfer [11] and shorter diffusion length for carriers [12],
changes in transition temperature [13], crystallization [14], anisotropy of thermal conductivity [15] can
occur. These properties are, in turn, strictly related to the crystal structure and chemical composition of
ultrathin-film materials. Therefore, characterizing the structural parameters of thin films is of high
significance, both scientifically and technologically.
Infrared (IR) absorption spectroscopy is a powerful technique, commonly applied to characterize
the chemical structure and dynamics of almost all types of sample (liquids, powders, films). It is
based on the absorption of IR light by the vibration states of molecules when the energy difference
between the vibrations states matches that of the incident light. The absorption peaks, with a specific
position usually within the 400–4000 cm−1 range, are called the “chemical fingerprints” of the molecules.
Moreover, the technique is non-invasive, label-free (no special sample preparation is needed), and
is able to quickly obtain desired structural information, e.g., types of functional groups within a
sample, with high spectroscopic precision. However, the IR spectroscopy is more effective at longer
wavelengths since the penetration depth (dp) is proportional to the wavelength. This principle can
generate serious problems in the measurement of very thin films, because the signal-to-noise-ratio drops
rapidly when the sample thickness gets much smaller than the dp. To address those problems, advanced
methods and instrumentations were developed, including infrared reflection−absorption spectroscopy
(IRRAS) [16,17], polarization modulation-IRRAS (PM-IRRAS) [18,19], the application of special filters
such as a non-scattering metal grid [20] or, quite recently, photothermal nanomechanical IR sensing
(NAM-IR) [21,22], which push infrared spectroscopic techniques to new limits. These techniques
are, however, expensive, time consuming, and usually require complicated sample preparation or
post-processing treatments. Hence, there is still a need for a simple, reliable, and nondestructive method
to analyze thin films by standard IR spectroscopy without the necessity of using the sophisticated
technical approaches.
Here, we present a simple approach to study ultrathin (20–60 nm) films by standard IR spectroscopy.
The approach relies on using a ceramic support with a nanoporous structure with a high specific
surface area to increase the signal-to-noise-ratio. The ceramic support was fabricated by aluminum
anodization. As an example, the chemical and structural properties of Zn–S ultrathin films, prepared
by low-temperature ALD from diethylzinc and 1,5-pentanedithiol (PTD), are studied [23]. It was
shown previously that the low deposition temperature results in amorphous ZnS films with high
carbon content [24]. It is, therefore, expected that difunctional 1,5-pentanedithiol can react at the
surface, leading to MLD-like films [10]. However, there are no published results of the IR spectroscopic
data of these films. In this work, long and parallel channels of anodic alumina (AAO) were uniformly
covered by the Zn–S thin films, thus enhancing the effective optical path length and the interaction
of the Zn–S film with incident light. As a result, the Zn–S layers as thin as 20 nm were successfully
analyzed by a standard IR spectroscopy. The IR spectral response from the same layers but deposited
on a flat support was below the detection limit. Moreover, it was observed that the signal-to-noise ratio
increases as the thickness of the Zn–S layer increases, and as the diameter of the AAO channels and
interpore distance increase. The approach can be applied to study any thin film deposited on a target
surface and, at the same time, on porous support, where the latter sample would be used as a reference
sample to study the chemical behavior and structure of this thin film by standard IR spectroscopy,
without the need to use sophisticated IR spectrometers or technical approaches, which are not always
readily available.
2. Materials and Methods
AAO porous substrates were fabricated by aluminum (Al) anodization. High-purity Al foil
(99.9995% Al, Goodfellow), with a thickness of about 0.25 mm, was cut into rectangular specimens
(2 cm × 1 cm). Before the anodization process, the Al foils were degreased in acetone and ethanol and
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subsequently electropolished in a 1:4 mixture of 60% HClO4 and ethanol at 0 ◦C, constant voltage of
25 V, for 2.5 min. Next, the samples were rinsed with distilled water, ethanol and dried. As prepared
Al specimens were insulated at the back and the edges with acid-resistant tape, and serve as the anode.
A Pt grid was used as a cathode and the distance between both electrodes was kept constant (ca. 5 cm).
A large, 1 L electrochemical cell and cooling bath thermostat (model MPC-K6, Huber company,
Offenburg, Germany) were employed in the anodizing process. An adjustable DC power supply with
a voltage range of 0–300 V and current range of 0–5 A, purchased from NDN, model GEN750_1500
TDK Lambda, TDK Co. Tokyo, Japan, was used to control the applied voltage. The AAO_phosphoric
substrates were prepared using a hard anodization (HA) method at voltage 150 V in a 0.3 M H2C2O4
ethanol-modulated solution with 4:1 v/v water to EtOH, at 0 ◦C. The samples were pre-anodized at
40 V for 5–8 min prior to the application of a given voltage. Then, the voltage was slowly increased to
a target value (150 V) at a rate ranging from around 0.04 to 0.06 V/s, and the samples were anodized
for 2 h. Alumina was chemically removed using a mixture of 6 wt.% phosphoric acid and 1.8 wt.%
chromic acid at 60 ◦C for 120 min. The second anodization, which was performed in 0.1 M phosphoric
acid solution with 1:4 v/v mixture of ethanol and water as a solvent, for 1 h and at 0 ◦C under the same
anodizing voltage as used in the first step. The AAO_oxalic substrates were prepared by two-step
anodization in 0.3 M H2C2O4 water-based solution at temperature of 35 ◦C for 2 h (both first and
second anodization). To obtain the geometrical parameters of the fabricated samples, Fast Fourier
transforms (FFTs) were generated based on three SEM images taken at the same magnification for every
sample, and were further used in calculations with WSxM software (version 5.0) [25]. The average
interpore distance (Dc) was estimated as an inverse of the FFT’s radial average abscissa from three
SEM images for each sample. The average pore diameter (Dp) was estimated from three SEM images
for each analyzed sample, using NIS-Elements software provided by Nikon Company, Tokyo, Japan.
The ZnS thin films were deposited by ALD using Picosun SUNALETM R-200 ALD reactor
(Picosun Oy, Espoo, Finland) in a single wafer mode. Depositions were carried out at 150 ◦C with
diethylzinc (DEZ, Strem Chemicals >95%) and 1,5-pentanedithiol (PDT, Merck 96%) as precursors.
DEZ was kept at 20 ◦C, whereas PDT was evaporated from Picohot 200 hot source and held at
55 ◦C in order to obtain sufficient vapor pressure. N2 (purity 99.999%) from liquid nitrogen gas
(LNG) was used as a carrier gas. The ALD deposition cycle consisted of DEZ pulse/purge/PDT
pulse/purge with 0.2/4/0.3/4 s timing, respectively. Zn–S film deposition rate was 0.09 Å/cycle when
measured after 500–2500 deposition cycles, resulting in film thicknesses of ca. 20, 40 and 60 nm.
The ZnS films were deposited on AAO porous substrates and on reference silicon (Si) (Siltronic AG,
Münich, Germany). Thicknesses of the deposited films were measured by ex-situ ellipsometry (Sentech
SE400adv, SENTECH Instruments GmbH, Berlin, Gemany).
Microanalysis of chemical composition was made using a field-emission scanning electron
microscope FE-SEM (AMETEK, Inc., Montvale, NJ, USA) equipped with energy dispersive X-ray
spectrometer (EDS). The chemical composition analysis was performed at 20 kV, magnification of 500,
spot of 2.0, and with a constant distance of samples to the detector (WD = 10). Each measurement was
repeated three times and an average of the three measurements was taken to determine the chemical
composition of a studied samples.
Coated AAO was subjected to an XRD phase and structural analysis using a Rigaku Ultima IV
diffractometer (Co-Ka λ = 179,003 Å) (Rigaku, Tokyo, Japan) with operating parameters of 40 mA and
40 kV in a continuous mode, with a speed of 1 deg/min. Parallel beam geometry was used together
with a fast linear detector (DeteX Ultra). The slit sizes were kept constant during the investigation
(fixed slit mode). The phase identification of the base structure was performed with PDXL (Rigaku,
version 2.8.4.0) software and the PDF4 database.
Fourier-transform infrared spectroscopy (FTIR) spectra were recorded using Spectrum GX Optica
spectrometer from Perkin-Elmer, Waltham, MA, USA with diffuse reflectance accessory. Light scattered
from surface of the sample was collected in a full pi steradian angle. The angle of incidence was
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38◦. For films deposited on Si substrate, clean Si was used as a 100% reflectance reference. For films
deposited on AAO transmissive substrate, aluminum sheet was used as a 100% reflectance reference.
3. Results and Discussion
Two groups of samples were analyzed by a standard IR spectroscopy: the Zn–S layers directly
after the ALD process (before annealing), and the same samples after annealing. The samples were
annealed under argon (99.999%) atmosphere at 400 ◦C for 1 h. The annealing conditions were chosen
based on our previous work [24] to crystallize the amorphous ZnS material. The ZnS layers with the
thicknesses of 20, 40, and 60 nm (ZnS–20 nm, ZnS–40 nm, and ZnS–60 nm, respectively) were deposited
on flat Si and on porous AAO substrates with an interpore distance (Dc) of ~346 nm (AAO-phosphoric).
The 20 and 40 nm thick ZnS layers were also deposited on the porous AAO substrates characterized by
about three times smaller Dc ~ 120 nm (AAO-oxalic). The 60-nm thick ZnS thin film was not deposited
on the AAO_oxalic because, in this case, the pore diameter was too small (Dp ~ 90 nm) to allow for a
uniform coverage of the AAO channels by the Zn–S material. In Figure 1, SEM images of the top view
of the samples before annealing are demonstrated. The deposition of ZnS films causes the gradual
filling of pores in both AAO_phosphoric and AAO_oxalic porous substrates. As a result, the pore
diameter observed in the SEM images decreases with increasing thickness of the ZnS films.
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Figure 1. SEM images of the ZnS layers with a thickness of 20, 40, and 60 nm deposited on flat Si
substrates (first row; scale bar = 10 µm), porous anodic alumina (AAO) substrates with Dc ~ 346 nm
(second row; scale bar = 2 µm), and the porous AAO substrates with Dc ~ 120 nm (third row, scale
bar = 1 µm).
In Figure 2a, an SEM image of a cross-sectional view of the AAO-phosphoric substrate covered
with the 60 nm thick Zn–S layer before annealing (AAO_phosphoric-ZnS-60 nm sample), together
with EDS elemental mapping images of Al, O, Zn, S, and C (K lines), are presented. The images
demonstrate that Zn, S, and C elements are evenly distributed along the entire pore cross-section.
After the dissolution of AAO, bundles of ZnS nanotubes were obtained (Figure 2b), which further
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confirms the homogeneous and complete coverage of the interior of the AAO channels by ZnS material
during ALD process. In the EDS spectrum shown in Figure 2c, there are peaks from Zn, S, and C
(O and Si elements come from NOA 61 optical adhesive by which the ZnS nanotubes were attached
to glass [26]), but no peak from Al was recorded, proving a selective and total dissolution of anodic
alumina (in 0.1 M NaOH solution) in the AAO_phosphoric-ZnS-60 nm sample.
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Figure 2. SE image of a cross-sectional view of the AAO_phosphoric-ZnS-60 nm sample before
annealing, and corresponding EDS elemental mapping of Al, O, Zn, S, and C (scale bar = 2 µm) (a);
SEM image of the ZnS nanotubes after dissolution of AAO in the AAO_phosphoric-ZnS-60 nm sample
(b) and corresponding EDS spectrum (c).
In Figure 3, the EDS spectra of the AAO_phosphoric-ZnS-60 nm sample before (a) and after
annealing (b) are shown (the spectra were acquired until comparable total number of counts).
The spectra demonstrate an apparent increase in Zn lines in the expense of the C line after
annealing process. A collective EDS elemental analysis of the AAO_phosphoric-ZnS-20 nm,
AAO_phosphoric-ZnS-40 nm, AAO_phosphoric-ZnS-60 nm samples before and after annealing
is demonstrated in Figure 3c. The graphs in Figure 3c present the atomic concentration (at.%) of all
elements as a function of the ZnS layer thickness. It can be noticed that the concentration of Zn, S, and
C elements evidently increases with the increase in the ZnS layer thickness, except the C content in
the samples after annealing, which stays on a similar level (~3 at.%). As the amount of all elements
adds up to 100% in the EDS analysis, the at.% concentration of all other elements (Al, O, and P; P
is pr sent in the AAO matrix ue to the incorporation of PO43− ions during anodization in 0.1 M
H3PO4 electrolyte [27,28]) tends to d crease with the increase in Zn, S, and C elem nts. As observed
previously [24], before annealing the amount of S is about two times higher th n the amount of Zn.
The hig r amount of S is accompanied by a relatively large amount of C (from ca. 9 to about 14 at.% for
the increasing ZnS film thickn ss) in the samples before anne ling. We observed earlier by TOF-ERDA
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that as-deposited films had a 1:2 Zn:S ratio and 51% C and 27% of H [24]. After annealing, the amount
of Zn and S was equalized to similar values and the amount of C dropped significantly to about 3 at.%
for all samples. The large amount of carbon, hydrogen and 1:2 Zn:S suggest the presence of unreacted
organic precursor in as-deposited film, indicating MLD-type growth of inorganic-organic hybrid
materials, while a significant decrease in C in the samples after annealing indicates the removal of the
carbon-containing species. Moreover, almost stoichiometric composition of the Zn and S obtained after
annealing may indicate the crystallization of the amorphous ZnS material. In order to find out more
information about the composition and structure of the ZnS thin films before and after the annealing
process, the material was further investigated by XRD, and subsequently by IR spectroscopy.
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AAO_phosphoric-ZnS-60 m before and after anneali g (c).
In Figure 4, the XRD patterns of the AAO_phosphoric-ZnS-20 nm, AAO_phosphoric-ZnS-40 nm,
AAO_phosphoric-ZnS-60 m sample after annealing are demonstrated. As shown in the exampl
of the AAO_p osphoric-ZnS-60 nm sample, the ZnS mat rial was amorphous before the annealing
process (directly after ALD). Aft r the process, the ZnS ry tallizes into cubic form with clearly visible
reflections from (111), (220), and (311) crystallographic planes (PDF Number 01-072-4841). The thick
the ZnS film, the more intensive are the peaks in the XRD patterns. A similar transformation of
the ZnS m terial upon heating was observed i the ZnS layer d posited on a flat Si substra [24].
However, as compared to th XRD pr files of the latter films, the peaks in the Figure 4 are broader.
For instance, the FWHM of the (111) reflection is ~6.1◦ in the XRD pattern of the 60 nm-thick ZnS layer
deposited on an AAO_phosphoric porous substrate, while the full width t half maximum (FWHM)
of the (111) reflection is around 2.2◦ in the XRD pattern of the corresponding ZnS layer dep sited
on the non-porous Si substrate. The peak broadening can be due to smaller crystal size and greater
microstrain induced by a porous substrate. In the XRD pattern of the AAO_phosphoric-ZnS-20 nm
sample, the lines corresponding to Al are also visible (the AAO was not detached from Al foil after
anodization), most probably due to a slightly different sample positioning in the diffractometer and/or
larger penetration depth of the X-ray beam, owing to the smaller ZnS film thickness, and thus lower
material density.
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Figure 4. XRD patterns of the AAO_phosphoric-ZnS-60 nm sample before annealing and the
samples AAO_phosphoric-ZnS-20 nm, AAO_phosphoric-ZnS-40 nm, AAO_phosphoric-ZnS-60 nm
after annealing (the black diamond symbols signify the reflections originating from the Al substrate).
In Figure 5, the IR spectrum of the studied samples are presented. The IR spectra of the amorphous
ZnS layers deposited on flat Si substrates display no peaks: the signal was below the detection limit of
IR spectroscopy (Figure 5a). In the IR spectra of the same ZnS layers but deposited on porous AAO
substrates (Figure 5b,c), distinct absorption peaks are visible, which enable chemical and structural
analysis of the layers. A broad vibration centered at ~3450–3650 cm−1, present both in Figure 5b,c,
is due to the stretching vibrations of O–H bond (v(OH)) of adsorbed water [29–33]. The vibration
confirms the presence of moisture on the surface of ZnS thin films. In the spectral range extending from
about 3000 to ca. 1300 cm−1, there are many absorption peaks which cannot originate from chemical
groups in the AAO substrate (since they are absent in the IR spectrum of pure AAO in Figure 5b). Zn–S
ultrathin films were prepared by low-temperature ALD from diethylzinc (DEZ) and 1,5-pentanedithiol
(PDT) as precursors of Zn and S, respectively. Characteristic peaks of IR spectra for 1,5-pentanedithiol
can be attributed from each as-deposited Zn–S films on AAO indicating MLD type growth [34,35].
The strongest dips at 2927 and 2851 cm−1 were ascribed before to the CH2 asymmetric (va(CH2)) and
symmetric (vs(CH2)) stretching vibrational modes, respectively [29,30,36–38]. These dips are also the
most intensive ones in the IR spectrum of pure PDT [34,35] and can thus be regarded as chemical
fingerprints of this compound. Clearly, with the increase in the thickness of the ZnS layers, the intensity
of those two dips increases (Figure 5b). The dips at 1454, 1433 and 1365 cm−1 can be ascribed to the
CH or CH2 bending modes [29–31,39]. It can be thus concluded that IR analysis provided evidence
for the presence of Zn–S-pentanedithiol type MLD hybrid materials, which was already envisaged
based on the EDS analysis. Apart from the bands that can be associated with PDT chemical groups,
in the IR spectra there are dips that originate from other functional groups. For instance, a weak
band at 2361 cm−1 can be attributed to the C=O stretching mode (v3(CO2)) of absorbed CO2 [32,36,40].
The bands at 1559 and 1586 cm−1 were previously associated with C=O stretching vibrations of the
absorbed CO2 as well [29,41,42], but could also come from the products of the DEZ and PDT surface
reaction. Moreover, there are two dips in the 900–1200 cm−1 spectral range that are also present in
the IR spectru of the pure AAO_phosphoric sample. Both dips are characteristic for phosphonates,
which display bands due to the P–O stretching vibration [43,44]. The dip at ~1002 cm−1 can be assigned
to the symmetric vibration of the P–O chemical bond (νsP–O) of PO32− group, whereas the one at
1164 cm−1 corresponds most probably to the P=O vibrations. These bands confirm the incorporation
of phosphonate ions into the AAO framework during anodization (see the EDS analysis in Figure 3c).
After ZnS deposition, the dips tend to shift towards a lower energy (enlarged part of the IR spectra in
Figure 5b, marked by dotted magenta frame). A weak and broad band appearing at around 484 cm−1
may originate from the Zn–O stretching vibration [33,36,37,45].
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In the ZnS thin films deposited on the AAO_oxalic (Figure 5c), only the bands at 2927 and
2851 cm−1, characteristic for PTD, are clearly visible, while the other bands (at 1454, 1433 and
1365 cm−1) are missing. Moreover, the bands at 2927 and 2851 cm−1 are much weaker in the ZnS film
deposited on AAO_oxalic with smaller Dc and Dp parameters as compared to the ones deposited on
AAO_phosphoric. Besides, in the IR spectra there are other peaks related to the AAO porous ceramic
anodized in oxalic acid solution [46,47]. The bands at 2339 and 2263 cm−1 in pure AAO_oxalic sample
may come from v(CH) vibrations of the absorbed hydrogen [48]. The peak at around 1044 cm−1 can be
assigned to the coupling of the C–C stretching vibration and the O–C=O bending vibration [49].
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Figure 5. IR spectrum of the Zn–S-1,5-pentanedithiol layers deposited on flat Si substrate (a) and on
AAO_phosphoric (b) and AAO_oxalic (c) porous substrates before annealing process.
After annealing, the structure of the ZnS films changes substantially (Figure 6). The peaks that
were related to the 1,5-pentanedithiol have gone or weakened significantly (dotted, squared frames
in Figure 6a,b). On the other hand, the peaks that were ascribed to chemical groups in AAO porous
substrates are preserved in the IR spectra. Likewise, a weak and broad peak at around 484 cm−1 that
was associated with Zn–O stretching vibration, indicating a partial oxidation of surface Zn. The IR
analysis confirmed thus that the low-temperature ALD/MLD process resulted in the synthesis of
amorphous Zn–S-1,5-pentanedithiol hybrid materials. Heating of the layers at 400 ◦C for 1h is sufficient
to improve the composition and structure of ZnS. The analysis of the same ZnS layers deposited on flat
Si substrate was not possible by a standard IR spectroscopy due to the constraints related to small
layer thickness. Long and parallel channels of anodic alumina (AAO), uniformly covered by the ZnS
thin films, enhanced the effective optical path length and the interaction of the ZnS film with incident
IR light, thus enabling a reliable chemical analysis of the ZnS layers as thin as 20 nm.
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4. Conclusions
In this work, it was demonstrated that ultrathin films (20–60 nm) can be successfully investigated
by standard IR spectroscopy when deposited on porous substrates with a well-developed surface
area. As an example, hybrid Zn–S-1,5-pentanedithiol and ZnS thin films were analyzed which were
deposited on flat Si and porous AAO substrates. In contrast to the films deposited on the porous
AAO substrates, the same films on a flat Si substrate could not be analyzed by IR spectroscopy: in the
IR spectrum, no bands were detected. Thanks to the application of the AAO porous support, it was
possible to study the structure and composition of the Zn–S-1,5-pentanedithiol and ZnS ultrathin films
synthesized by ALD/MLD from diethylzinc (DEZ) and 1,5-pentanedithiol (PDT) as precursors of Zn
and S, respectively. According to IR analysis, it was revealed that the low temperature ALD deposition
of 150 ◦C resulted in the production of amorphous hybrid material with 1,5-pentanethiol. Moreover, it
was observed that the signal-to-noise ratio increases as the thickness of the Zn–S layer increases, and
as the diameter of the AAO channels and interpore distance increase. After annealing at 400 ◦C for 1 h,
the amorphous films transformed into cubic ZnS form, which was also indicated in the IR spectra:
the bands related to the unreacted precursors disappeared or weakened substantially. The approach
presented in this study can be applied to study any ultrathin films, where the porous ceramic support
can serve as a reference substrate for the film to be studied by a standard IR spectroscopy.
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